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I, INTROLUCTION

Industrial users of direet eurrent power, such 8s the Street
Railway Companies, the Mining Industry, and the Electroplating
- Industry, have been for years faced with the problem of selecting
the most sconomical and satisfactory way of rectifying aec power,

I% has been determined long ego thet direct generation of d-o
power is guite useless, since the losses incurred in dee¢ trense
migseion are prohibitive in magnitude, The problem therefore ree
eolves %o one of selecting the best means of a=c rectificatiom,
lotor-;enerator conversion units represent one of the earliest
ways of rectifying lerge amounts of power, Although the performance
of the M-0 set is quite satisfactory, the combined losses of two.
machines make this a rather insfficient process,

It was later discovered that a-c rectification could be accom=
plished by a single machine, the rotary converter. The rotary cone
verter zives the same satisfactory performsnce of the ¥ set; end,
in addition, performs the reectifying process much more efficiently,

In recent years electroniec rectifiers such as the steel-tank
mercury-are rectifier, %he ignitron, and exeitron, have been de-
velopad; and in msny industries have replaced rotating mmchinery,

Hanufecturers of electroniec rectifiers have claimed some oute
stand ing advantages for their produet over other types of rectififers.
An example of this may be found in & pamphlet published by the

destinghouse {leetriec Corporation etating the advantages of the



lgnitron reetifier over the motoregensrator set, Among the ade
vanteges listed are higher efficlesey, smsller ne load louses)
larger overlosd eapseity, detter voiteace regulation and less nolase.
_Itﬂwﬂ‘mmi‘mw 1% is sae)l vonder thet ssny lne
duttries vave repluced thelr NeG sets and gonverters by elsotrenie
rootifiera,

liowever, despite sll the advanteses elsimed by reetifisr meme
ufseturers, ths real serit of the restifier should be judged on
its ability %o sstisfesterily fulfill the verious isdustrial needs,
i1th the sxeeytion of the eleotroplating industry, the ;rinsipal
need of rectifisd power is for the operaticn of de¢ motors, The
gusation therefore resolves to one of shether or not sevisfaetory
Wﬁadmu‘mmkmﬂumamﬁﬂnm
sapplys To help answer this cuestion, the autkor bes conducted
tests with both & rectifier sud a convertsr cutput, snd has noted
eapecially the hestlsg, efficiescy, sad commtation effect on seversl
notors.



II, THE PLAN

The principles governing the cperation of d-¢ motors sre well
known $o0 all sleotricel englaeers, The shunt =otor is ldeslly sult-
ed for industrial uses requiring almost constent epeed under verying
1&&. The seriecs motor finds wide ussge in holste, eranes, snd loo-
omotives wvhere high atarting tvﬂm iz the primsry romzlrmt.. kny
desived combination of spesd regulstion snd gtarting torque is attaine
able in eounvund motors by proper design of the series and ehunt
fields,

Various other considerstions are introduced, however, i the de¢
power to operate these motors ia obiteined by eleetronie rectification
of a=¢ power, For oxample, & motor under the same load will heat
faster when operating from an slectronic rectifier than when overating
from the conventional rotary converter.

In en offort to obtein definite results, a series of testa have
been conducted on geveral motors, Tiret ueing the rotary converter ag
8 souree of yowsr, them the electronic restifier,. |

in the explemation of experimental resulss, s standsrd procedure
#111 be followed in this entire raport, Firss, & brief consideration
of im normal operating characteristics of d-¢ motors will bde made to
refresh the roader's memory. Then all chenges in conventional eharme=
teristios due %o slectronis reetifieation »ill be eonsidered,



111, 'THE TESTS AND REOTLES

The two different sources of power used for conducting the wvaricus
tests ars listed with their same-plute data ag follows;
Direct Current Oenerstor
General Zleetrie Co.
1885-Volte 280-amps 1730 n0M
and
The lgnitron
Festinghouse Zleetrie Corporation
Se hage [alfe ove
280-Volts Pi-imps

The generator was used ingtead of & rotary econverter merely boe
cause it was more convenient %o deo so, Thers 18 no error introduced
by dofng this, sines the outputs of the two machines are identical,

It is realized that the thres-phase halfewave rectifier svaile
able in the VII powar laboratory 18 not representative of slestreniec
reetifiers used in industry, However, the uvroblems that would arise
in larger rectifiers with s grester number of phases sre sisiler in
nature to the ones arising here, The basic difference iz only in the
magnitude of current distortion thet rectifiers with 4ifrerent design

fastures give,



The motore tested are all located in the Virginia Tolytechnic
Institute powar labvoratory and are lizted with their name-plate data

58 follows:

Direet Current Xotor
General Ilectric Company
10=H7 Shunt Wound
116 Volts 76,5 Amperes 900/1800 nryM

Direect Current Hotor
General Hleectric Company

Compound Yound
186«Volts 56 Asmperes 1500 RPN

Direet Current MNotor
Oeneral Electrie Company
10=HP Shunt Yound
820-Volts 28 Amperes U600 RPM

Due to the fact that the rated output of the Westinghouse Igmitrom
ie 350. volts, snd all the gcmn€n¢ available have outputs of 120 volss,
it became necessery %o make cartain arrangements in the operation of the
various motors tested, The 280-volt motor was operated directly from the
ignitron in one test, and from two generators connected in serlies in s
comparison test, The 128-volt motors were opersted directly from the gene
erator in one series of tests and {rom the ignitron with a voltage-reducing
resistor in series in the corresponding couparison teste, This arrengement
slightly altered the input wave form to the arsature, dut not enough to

cause an appraciable error.
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The outyut voltage wave form of the Sestinghouse ignitron as obe
sarved in the cathode ray oscilloscope is pletured in Fig., 1 (a), 4
miul: eurrent wave form is piotured in Fig. 1 (b)s The cut-off point
in the voltage wave form is controlled by & saturable reactor type of
ﬂrlﬂi eireuit in the rectifier unit, The cut-off point may Le varied,
thereby varying the outynut voltsge. 7The ocurrent wave form will alwsye
have @pproximstely the shape shown in Fige 1 (ble The percentage rip-
ples will vary inversely with ;hn inductance of the load,

-Although the tests conducted were very simple in nature, the resulte
obtained were quite conslusive, Three distinetly different types of
tests were zsde; mamely, temperature tests, pronybreke full load efficlen-

oy tests, snd stray powar tests,
The Temperature Testa

Pulleload temperature tests wers conducted on two different motors.
The motors were jurposely chosen with widely differsent operating charace
taristica, One motor wag rated at 220 volts, I8 amps, 3600 EP¥ and con-
tained interpoles, The other was rated at 116 volts, 06 amps, 1800 RVW
and did not contain interpoles, Soth were shunt wound, Direct temper-
ature neagurements were made by means of thermometers in direct contact
with the yoke, In addition, resistance mmmﬁu of armeture and
field windinge wers made before and after the temparature mns og a
check against the thermometers, Temperature measurements were taken
every half hour and the tests were continued until three consecutive

tharmoneter readings indicated no furthur changes in temperature.
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In addition to the full load temperature tests, temperature runs
of two-hour duration were pade »ith the motors loaded at 125¢ of rated

losd,

Results of Temperature Tests

| Uonsider first the qurves of Fig. 8., Sere the 110-volt motor has
been losded to its rated fulleload value ané operated alternstely [row
the converter and the rectifier, In' operating from the converter, the
motor hested from & room tempereture of 28.6° C to sn aquilibrivm tem-
perature of 54,2” C, @ net rise of 5,6° 0, In opersting from the rece
tifier, the motor heuted from a room temperature of 20,6° C to en e
quilidriun temperature of 46,1% C, a net rise of 17,68° C. Then the
mﬁw under both operating conditions has reached a tmmw. otui-
1idrium, 1% {8 seen that rectifier operetion ie 11.8° C hotter then
converter operation, Resistance messurensnts of fleld end armature,
and teupereture~resistance caleulstions verify the thermometéer readings,

Next consider the eurves of Fig, J, where the same tests are cone

dueted on the ssme motor under conditions of 1254 rated load, Since
these tests were conducted for a durution of only two hours, a tem-
perature equilibvrium was not reached in eiﬁhur sonverter or rectifier
operation, Converter operation shows a temparature rise of from 28° C
to 22,6° Oy reotifier operation shows a temperaturs rise of from 28 ©
to 41° C, 4t the end of two hours, rectifier operation hus mede the
motor 8,4° ¢ notter than converter operation, It is worthy o note
from Fige & that at the end of two hours the rectifier curve is still

rising faster than the converter curve,
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Flge. 4 shows 1007 full load temperature versus time curves on the
220=-volt motor tested, 4t the end of four hours both convertar and
rectifier operation show that the motor is spprosching s temperature
equilibrium, Under converter operation, the motor heated from a room
tempersture of 25° C to &n equilibrium temperature of 37,1° C, & net
rise of 12,1° C, Under rectifier operation, the Vaotor heated from a
roon Seunerature of 25° C, to an equilibrium temperature of 44° C, a
net rise of 19° €. The eguilibrium temperasture from rectifier opere
ation is 8,0° C higher than the equilibrium temperzture from converter
operation, The 220-volt motor tested is a d-pole motor with two inter-
noles, The data for the curves of Fig, 4 was read from & thermometer
faatened to that part of the yoke adjacent %o & main fleld pole.

A8 in the case of the 110-volt motor, 125€ rated load temperature
tests were also taken on the EBEC-volt motor, and were aspain conducted
for a period of two houra, The resulis of these tests are shown in Fig.
8. Again the motor proved to heat faster under rectifier operetion than
under convertsr operaticn, 4% the end of two hours the rectifier-operated
motor became 5.?° C hotter than the converter-operated motor,

Durine the conduction of a temperature test on the motor when opere
ated from the rectifier supply, it wes noticed that certain parts of the
yoke were much hotter %o the touch than others, Closer exemination re-
vesled that the part of the yoke &djacent to the interpoles was from 10
to 12° G hotter then sll other portions of the yoke. It was this resher

startling discovery whioh led to the curves of Fig., 6., The curves of



44 444+ R e 1 + 4+ 44 -+ -
NSNS ERSESIRAns INE AeE NS SR
< NSRS NEE SARN ALY ;—ulh;—l-r—,—w nl“\ww“““ 1 HHH
s —e -+
s .
H e b -
|
+ 1 I
¥ 583 E 1
1 i ] RRSNES
I RSN ¥
T . T maD 4
v* 1 1»‘
== 1
‘
T 1 " = } H
1111 11 i NSNS ¢ - . . T
a=zaas: Saaa - et e e
I 1 85 & jLaaun T A A
T T 1 ¥ INEBREEN NEE ARG N ¥ 1 H ==
= 1 ssa s @ L A A
|-+ e L t 0 rWﬂ as BENEES 411 HHT \'\\w, TR = a
s L r = & " 18 BEE NS 048 as 14
NS EEES B %% *. EEE jEERRS P n H T mEBEuES - BB S B a
: H ; m :;m. = T HH H + . 1 1 ! . InEEg aSEanrmn T
2 T t WS B I
T ¢ t -
1 ! T
T 1 H*»
I 1 -
N | 8 +
HHH
11 - !
T InmEssags: HHT
1 111 10 4 10 T
H 1t 1T 1T
T T T
s 1 SEEESENESEETEE
1 rmu T T =
FSENENENS INSEEOEENS IESaE FNERE ISHA AN W T R
SsnusmEuEES sEEE: EEEEERE ERSEE IEERY BBHn B HH R
vlmoi EEEE SEEEEanEEE ANSEEBSHHE B SN0 H++HH 1R g by
t 7 .
i m o Bat HH HH
" ERENNRWE it ]
T B e
EEEEN N IBNEE SUAUNSEENG JEEEEEL ERnSanE
BB B A Lo e G TR
HH |8 ISEEEOSI SRRNEERNE I RIS
e
ISRET uut 1T T 1T
ST 17 TR T

4+
2@ B D
nE W
T
m #;.
1 [T 1
S SRS B!
g T
4 e R
e NS AN
} 83 SaEBasas: Sasa eIy
! T 58 SRS EEdesint
+ + T
CSAREEEREE Tl & DS B ‘.JL + \
T SmNS SN WSS S EEEENNS : {
INSEENEE B IS8 SREEE SESH +H+ - ! l
! o Ticbrbi
JEEEE SS TS =8 44t
ANBENBENES uﬁ M ju 8 .‘r,m ,




15

Pige. € are identically the same as the curves of Fig. 5§ the only differe
ence being thet on the curves of Fig. 6, the thermometer was strategicslly
located on that part of the yoke nearest an interpole, The tempereture
variation between rectifier and converter operstion is the largest observed
in any of the temperature tests, At the end of two hours, the motor when
operated from the rectifier becomes 14.3° C hotter than when operatsd from
the econverter, An explenation of this phenomenon will be given in & later

section of this raport,
The Frony Brake Mali load Efficiency Tests

Since the temperature tests showed conclusively that a motor does
operate hotter when operating from a rectifier than when opersting from &
converter, it was reasoped thet hotter operation must also be less efficient
operation, For this reason, full-load efficiency runs were made on the
seme 10«hp, 1lB-volt, 76.S-ampere n&ior firet using the converter as the
sourece of power, then the rectifier. The motor was loaded down by means
of a prony brake, Direct readings of torgue and apeed substituted in the
equation hp = 2 7 g. gave a fairly sccurate indication of the output
power, The ug:*’lw\:a caloulated direotly from electric meter readings,
he problem involved in metering pulsating direet current will be discussed
in a section under "The Stray Power Test", A total of four efficiency
™ans were made; two sach from the converter and rectifier and two each

st 900 HPE and 1200 RPM,
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Hesults of the Efficiency Tests

The results of the efficiency tests are shown clearly in the curves
of Figures 7 and 8, The curves of Fig. 7 wers both caloulated from
data taken with the motor running at 1200 BPH; those of Fig. 8 were cale
oulated from data taken with the motor rumnning at 900 RPM, At all loads
and speads recorded, the motor teated operates more a’ficlently from the
converter than it dm from the rectifier, Over the most common operating
range of & motor (from 50f loed to 100% losd), the motor tested operstes
from 10 to 12€ more efficiently from the converter than it does from the
rectifier,

Since in the cuge of every energy converting deviee the output equals
the input minus the losses, it i quite easily believed that the losses
incurred in rectifier operation greatly exeeed those incurred in converter
operation, The problem now ig %to locate the various losses in a8 motor and

to determine why the losses incresse when & rectifier supply is used,
The Stray lower Test

In an attempt t0 compare the component losses, stray powsar runs wers
made on the same llSevolt motor, first supplying the power from a rotary
eonverter, then from a three-phase electronic rectifier, To facilitate
separation of the mechanical and core losses, the runs wers made holding
the zjpeed constent and varying the fleld current over the operating range
of the motor, In this =msnner it is poszidble to extend the curves $o zero

field current and find the pover used at zero field current snd & given
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speed, Oince core losses vary with speed and flux, while mechanieal
losses vary only with speed, the power measured at zero field current
would constitute the mechanical losses at that apeed.

The results of stray power tests on the motor operating from the
synehronous converter are seen in Fig, 9. The results of stray power
tests on the motor operating from the electronic rectifier are seen in
Pig. 10, The combined results are seen in TFig. 11,

It muet be admitted here that the accuracy of the results in Figures
9, 10, and 11 is rather questionable because of the inadequate means of
taking measurements, At first an attempt was made to measure current and
voltage with ordinary d-c¢ meters, This was in error becsuse d-c maters
read average current and average voltage, whiie for power caleulations
8 knowledze of RMS current and R¥S voltage 1is required, %When the rweti;
fier is used, the ratio of RMS $o average current is found to be about
1.25 in this particular motor, Therefore, the error involved in taking
measurements with ordinary d-e¢ instruments is sudbstantial,

Next an attempt was made to measure siray power using an a~¢ watt-
meter and a current transformer in conjunction with the d-¢ instruments,
It was reasoned that only the a-¢ component of current would appear in
the secondary of tb- current transformer. The wattmeter, with its current
coil connected to the secondary of the current transformer and its potential
eoil connected across the armature would then only m.asure the a-¢ or
"ripple power”, This added to the product of the readings of the d-c

voltmeter and d-¢ ammeter, was to give a fairly accurate measurement of

stray power,
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The difficulty found in this arrengement, waz that the watimeter
available failed to give accurate readinge, The a-e¢ couponent of current
from 8 J-phase rectifier has & freguency of 300 eyeles, The wattmeter
used ig gusranteed by the manufacturer to give acourate resadings at fregquens
cies below 138 cycles, Thersfore this method too proved inadequate,

It was flpally decided to use RS a-¢ or d-¢ meters, and to take the
produet of Rl current and RS voltage aw en indication of the atray
power used, This undoﬁbtcdly glves an accurste measurement of volte
amperes, but does it slso give an sccurate measurement of power? It
mist be remenbered that the applied a.n.f. pulsates with a freguency
of %380 eyeles and that there is a considerable amount of mmmi« in
the apumture, The inductive resctance that resulte wmay be enough to cause
the current to lag the voltage by a definite angle, If this sngle of lag
is considerable, then the power calculetions made may wall be in excess
of the setusl stray power,.

This method of measurement was used for both the converter and the
rectifier, T¥ id undoudbtedly the most seourate mathod with the instrue
ments available in the Virginia Folytechnic Institute power laboratory.
Therefore, for purposes of further discussion, it will be anssumed that

the graphs in Figurss ¢, 10, and 1l are correct,
Remults of Jtray Fower Teat

It was stated previously that the mechanical losses, brush friction,
bearing frietion, and windage, very only with speed, Therefore, 1t would

be expected that the machanical losses in a motor will remein constant
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for a eonstent speed, regardless of shether the motor is operated from

a gonverter or a rectifier, Although no setual readings are possible

at & zero field current, it is seen from Fig, 11 that for each recorded
speed, the “"rectifier curve” appyroaches the same Yeintercevt as the
"eonverter curve®, Thersfore the sssumption that mecheniesl losses w»ill
not vary vith the amount of pulsation 6f the suprly is fairly well estab-
lished by experimental results,

It can be seen from the Stray Power Curves of Figures ¢, 10, and 11
that the friction and windage losses for eithar source of power are as
follows: 160 watts for 600 KPM, 240 watta for 000 m%. 300 watts for
1200 RFE, 400 watts for 1850C EPM, and BEQ watts for 1800 RF¥, Coneider,
specifically, on Fle, § the Stray fower versus I, ourve for a constant
speed of 18500 RI'M, At eny given field current the stray power reading
on that curve is the sum of the friction and windage lossea, the core
losses, and an armature copper loss whieh is smmll enough to be neglected,
Subtracting the constant friction and windege losses of 400 watts from
the reading on the eurve will give the core losses for that particular
value of field current and for the jarticular speed of 1500 KiM, In
1ike manner, the core losses for any field current and any speed in the
operating range of the motor cen be found., The curves of Figures 9, 10,
and 11 revesl the fact that core losses incresse with inerensed field

eurrent snd also inerease with inoreased speed, The fact that the

eurves are concRye upwerds shows that core losses increase ag some

power of field current vhich is ot least greater tham one, The fact
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thet the curves are not parellel to one another but diverge ss the speed
incereases shows that core logses incrense as some power of epaed which is
at least greater than one, This is merely pointed out to show that the
curves obtained are in harmony with the empirical eguations for hysteresis

and eddy currents developed by Steinmetz®,

*Hysteresis ® k,enle® Bddy currents = kpt'B®
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IV, EXPLANATION OF RESULTS

Heating

The factor of greatest interest in the stray power curves mey be
found by observation of Fig. 11. lHere it is seen that the core losses
of the motor when operated from a rectifier are greater than the core
losses of the motor when operated from a converter. This is true for
any given value of field current and speed within the operating range
of the machine, To better understand the reason for this, it is best
to separate the core losses into hysteresis losses and eddy current
losses and to consider each individually.

Consider, first, the hysteresis loss in the armature. Under normal
operating conditions, the relative motion between the armature and the
magnetie field will cause periodic reversals of magnetism in the armature
core, This results in a loss of power due to molecular friction in the
mass of the core, usually known as a hysteresis loss,

In general, any changing magnetic field will be accompanied by a
hysteresis lose, the magnitude of which depends on the masgnitude of the
magnetie field, the rate at which the field is changing, and the quality
of the magnetiec material,

“hen a motor is operated from & rectifier supply, the field will
pulsate in space st a rate depending on the number of phases in the
rectifier, The megnitude of the pulsations will depend on the percentage
ripple of the rectifier and the amount of inductence in the field cireuit.

The pulsating field now gives rise 30 a hysteresis loss in the armature
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core that would exist even if the armature were not rotating, The re-~
sultant hysteresis loop due to the rotation of the armature in & pulsating
field would be irregular in shape and of larger area than the customary
hysteresis loop of a non-pulsating field.

Consider the specific problem of a 4-pole 900~-EPV motor supplied by
a three-phase electronic rectifier., The megnetism in the armature core
will reverse completely €0 times & second due to the rotation of the
armature. The magnetism in the armature core will increase and decrease
360 times a second due to the pulsations of the field, The hysteresis
loops due to rotation will wary as the 1.8 pover of the magnitude of the
field flux, The hyvsteresis loops due to pulsatione in the field will
very as the 1.6 power of the magnitude of the pulsations., Thus for every
large hysteresis loop due to rotation there will be six smell hysteresis
loops due to pulsations, Because the two occur simultaneously, the pul-
sating effect will not sctually give closed hysteresis loops. The net
resultant configuration will be & large hyeteresis loop with three pul=-
sations on one side and three on the other. In any event, it can easily
be seen that the hyvsteresis loss in the armature will be greater, when
the main field is pulsating.

In the ordinary operation of a d-¢ motor, hystereeis loeses do not
occur in the yvoke, and pole pieces because of the steady condition of the
Tlux existing in that part of the magnetic eireuit. ihen a rectifier
supply is used, however, the flux in the yoke and pole pieces will pul=-
sate, although it will never actuelly reverse in direetion. The result

is hysteresis losses in the voke and pole pieces of a megnitude



proportional to the frequency of the reectifier and the 1.6 power of the
pulsations of the field,

Oood design in d-¢ motors usually calls for careful seleation of
armature core steel to kesp hysteresis losees down, A rugged dut less
expensive type of stesl is used for the yoke and pole pieces because
under ordinary conditions hysteresis loases are not expected to oceur
there, Hut, when a rectifier source is used, hysteresis losses do occcur
in the voke and pole pleces, The magnitude of these losses will be
greater hscause of the poorer quality magnetic materisl of which the yoke
and pole plsces of ordinary de-¢ machines are nade.

lo special attention will be given here to srmeture teath and pole
shoes bdecsuse even under ordinary operating conditions the varving ree
luctance of the armsture teeth causes & shifting magnetie fleld in th?no
members, A pulsating main field will still result imn & shifting fleld
in the pole shoes end srmeture teeth, even th&ugh the magnitude and
direction of the field mmy be slightly altered due %o the pulsatione.

Hext, oonszider the effect of eddy eurrents in the armeture core,
Under normal operating conditions, a3 the ermature core rotates in a
mugnetic field, emfe will be induced in the armature core ss well as in
the armmture conductors, OSinece the armature iron is s good conductor of
electricity, and sinee the current paths are short and of large oross
section, large circulating currents, known ss eddy currents, res:it in
the core ae shown inm Pig. 12 (a), The power loet dus to eddy currents

{s more than can usually be tolersted in & commereial machine, To reduce
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eddy currents the core is lemineted as shown in Fig., 12 (b). Naturally,
eddy currenta vary ag speed and flux and the eddy current loss varies
a8 the square of both speed and flux,

¥hen the motor i@ operated from a rectifier supply, the megnetiec
field will pulsate eausing the armature core to behave se the short-
cireuited secondary of a transformer, Yow the armature core will cone
tain, in adfitisn to the emfs induced by rotation, & series of enfe due
to transformer action, which will bﬁ 20 out of phese with the enfs due
to rotation, The resultant emfs arcund the armature core will be some-
what grester than the enmfs induced by rotation alone, The resalt will
be larger eddy currents in the srmmture core and s larger amount of
power loat,

Under normal operstion of d-¢ motore, thurs‘will be & ehifting flux
betweon the armeture teeth and the pole face caused by the varving re-
luctence of the air gap. The flux pulseticn at sny given point in the
pole face passes through a complete cyele in the time it takes & point
on the armature to move over & distence equal %o the tooth piteh, This
will induce enfs in the pole face and cause eddy currents %o eirculate
there, For this reason, the pole faces of most lurge machines are lam-
inated, In smaller machines the power lose here is tolerable and the
pele feces are made of solid metal,

fhen a motor is operated from s rectifier supply, the flux in the
pole faece =111 puleate not only because of the wvariadle reluctence of

the eir gzep btut aleso because of the pulestione in the main field itself,
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The resultant pulsations of flux will be greater than those mormally
existing in the pole face, and conseguently, the resultant eddy currents
will also be greater.

How consider the yoke and pole cores. Under mormal operation of a
d-¢ motor the flux in the yoke and pole cores remains stationary and
non-pulsating unless a voltage or rheoastat adjustment is made, For this
reason, no addy currents will eireulate in either the yoke or pole cores,
and eonsequently ordinary design of d-¢ mobors does not call for lam-
inations in either of these two elements,

When an electronic rectifier is used as the scurce of power, the
flux in the yoke and pole cores will not remain constent but will pulsate
at the output frequency of the rectifier. This will induce enfs in both
the yoke and pole cores., The eddy currents thet result will now be of
large magnitude because neither the yoke nor pole cores are lsminated to
protect against them., Consecuently, the yoke does get much hotter under
rectifier operation than it does under converter operation, This is borne
out in the heat tests illustrated graphicelly im Figures & through €.

The magnitude of.tho eddy currents eirculating in the yoke will be
a direet funetion of the magnitude of the pulsations in the field flux,
In an interpole machine, the pulsations of the interpole field flux will
be much greater than those of the main field tlut, because the inductance
of the interpole field and armature circuit is relatively smell when com-
pared with the inductance of the shunt field, Therefore, the eddy currents

that sirculate in the interpole cores will be of greater magnitude than
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thoase c¢irculating in elither the yoke or the maim field pole coresg, This
perhaps explains why in the heat tests conducted a thermometer adjacent

to the interpole consistently read 10° C higher than a similar thermometer
ad jacent to the main field pole,

It was noted during the series of tests, that the operation of every
d-c motor from a rectifier supply is accompanied by a distinet a-c¢ hum,
not common to the normal operstion of d-¢ machinery. It i= reasoned that
additional power is required to create this soundy and since the dec
motor is hardly asm efiicleant acoustical deviase, thz pover used may well
be appreciable.

It has therefore heen conclusively shown by experiment and explained
in detail that the core losses of a d-¢c motor operated from en electronie
rectifier exceed the core losses normslly encountered in s d=e¢ motor op-
erated from a converter, In general the core losses will become greater
or less as the magnitude of the pulsations in the field current increase
or decrease, HMachines with low«inductance series fislde will experience
a wider difference of core losses with the two é!freromt sources of supply
than will shunt-wound maechines, HKemedies for this situation include
gpecial design of d-c motors to reduce the variocus core losses discussed,

Additional core losses are not the only reason for the added heating
and poorer efficiency evidenced in rectifier operation of d-c¢ motors.
Congider for example the torque equation for a motor: T I EPI,. The
torque produced is seen to be proportional to flux and the average armature
eurrent., Now consider the eguation for power lost in the armature circuit:
P=I, ) The loss is proportional to the second po-or of the root-

mean-square armeture current, This distinction is not usually pointed
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out in texts on D=C Machinery, because in the converter or normal operation
of a motor the ratio of RME current to average current is usually one,

Hot so when the motor is operated from an eleetronie rectifier, In this
case the ratio will alwaye exceed one and will depend diractly on the
number of phases of the rectifier and the induectanee of the armatare cir-
euit, To show what happens in a typieal case, econsider an Iﬁmﬂ / ;AV!

of 1.2, In order for the motor to produce rated torgue, the nvérago arnae-
ture current must reach its rated valus, and the root-mean-square current
must be 1208 of rated value. The armature loss will be 144% of its normal
full-load value, Thus an armature current pulsating enough so that

 — Iy =12, inersases the srmsture copper loss by 44%, An arma-
ture current pulsating so that Ip.. / IAVE = 1.41 will increase to

" exactly double the normel armature copper loss,

For exactly the same reasoning, reetifier operation will also in-
¢resse the series and shunt field losses, In the case of the shunt
field, however, the ratio of R¥3S to average field current will be kept
fairly lov by the inductance of the field so the loss will not increase
quite so appreciably,

Then too the arﬁaturm and copper losses will also incresse somewhat
due to skin effeect caused by the high frequency nalsations, The concen=-
tration of current in the outer surfaces of the conductor due to skin
effect effectively reduces the area of the conductor and thus increases
its effective resistance, Therefore it is reasonable to expect that the

effective resistance of the armature and field is larger when these elements
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are carrying pulsating current than when they are carrying nonepulsating
current.

To review briefly, the results of heat tests shown in Figures 2
tﬁroush 6, and efficleney tests shown in Figures 7 and 8 are explainable
by the increased losses experienced by a motor when operating from a
rectifier supply. The component losses are broken down as follows: Friction
and windage losses remain materially unchanged when a rectifier supply is
ulod.. Those core logses normally existing in s motor arse increased and
some new core losses mre introduced by the palentions of e field, The
copper and field losses are increased due to the inerease in the rstio of
RS to average current and also due to the skin effect caused ﬁy the a=¢
component in all motor currents,

Remedies for the reduction of these losses will be discussed after

*-a brief consideration of commutation probleus,

Commu ta tion

v
Eﬁring several full load temperature tests, if was observed that the
commutation pf & d-c motor hecomes wmeh wala when thélmotor is oporatoé
from an electronie roﬁtiriar than ?hcn operated from a syachronous converter,
An attempt will be made in this fipcrt to explain the reason for such an
ohservation, | )
In a d-e uot;r operated frew 2 non-pulssting source such as the con-

verter, the armature rotates in a atationary, non-fluctuating field, The

direction of the emfs generated in each conductor due to the rotation of
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the motor are shown in Figure 13, ¥or purposas of 1llustmation, = ring-
wound sreature is shown,

¥hen the de¢ motor i8 operated from an eleotronie rectifier source,
the field axis will continue to remain stationary in spesce; tut now {t
-ili fluctuate ia accordance »ith the wave shape of the rectifier., Cone
gequently, the omfs generated in sach armmiture windipg and the eurrent
whieh must be commutated at the brushes ig unidivectional, but highly
pulascing,

Consider now the commutation of sn interpole machine opernted from
2 puleating sonrce of emf sueh as the ipnitron rectifier, Tn an interpole
mochine, theorsetically the interpoles vul. sot up & fiald Alreetly pro-
pertional to armsture current, This will allew esch soil undergoing
commitation %o generate a voltage equel and opposita tu the mltaz; of
self-induetion. The net voliage betwaen brurhes and mta‘bm segmenis
is thus reduced to zero, and the ecirculating ocurrents whieh cause sparking
are theredy eliminated. '

If the current is puleating at e frecueney of 380 eveles per second,
8@ i the eass when supplied by a halfewave, three-phase rectifier, the
commubnting poles should s%ill set up a field which is instantanecusly
proportional to the current being commutated at all times, Thus, when an
instantanecus current of meximum value is being commitated, the fleld sek
up by the interpoles should be one corresponding to a meximam valua of
avmeture curvent: snd corrsspendingly, when a minimum velue of eurrent ia
being commitetad, the field set up by the interpoles should be one

corresponding to 2 minimm velue of armature currant, Thie would undoubtedly
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be true if there sofo no inductance in the interpole circait, However,
gince inductance doss exist in the interpole windings, the field set up
by the interpoles will alwayes lag the current undergoing commutation,
It 18 quite possible that the angle of log is such that wshen s maximum
value of current is being commutated & field iz set up by ths intsrpoles
eorresponding to a minimum value of current. In this ;cse, the inter-
pole emf would not completnrly ccunterbalance the emf of selfeinduction,.
The resultant emf would cause current to eirculate betwesen drushes and
commitator segments, The difficulty invelved here would increase ae
the differsnce between maximum and ninimum values of ocurrent, or the
percentage of ripple in the current increased,

It this were the only difficulty in the commuteting process, &
source of pulassnting d-e¢ eould well be tolerated,

Howaver, when the motor 1s operating from a rectifier, there will
exist in the armsture an emf due to transformer action caused by the
pulsating d-¢ field., This is in addition to the rotational emf, The
direction of the emfs in each conduetor due to transformer setion are
shown in Fig. 14. It esn easily be seen from the figure that if the
brushes are exacily 20° dizplsced from the mein fisld sxis, the transe
former emfs will effectively cancel one snother at the brushes, and
therefore produce no current snd torgue, It is worthy to note from
Flgures 12 and 14 that the rotationml emf is in phass with the flux
produeing it, »hile the transformer emf lage the flux producing it by
90° as in every transformer, The rotational emf is directly proportional

to the speed of rotatioan of the armasure, while the transformer emf is
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independent of the speed of the armature but dirvsetly dependent on the
amount of ripple of the d-¢ source,

In sddision to the rotational and transforumer emfsg due to the main
flield, shere will alsoc exist in every eoil a rotational snd transeformer
enf dus to the intsrpole field., Evervthing said about rotetionsl and
transformer eafs due %o the main field will also apply %o rotational znd
trans former mfl due %o the interpole field. Tha directiors of retationsl
and transformer emfs due %o the interpole field in the various conductors
ars shown in Figures 1% sad 1€ respectively. The vector relationship of
the various eufs existing in & coll is sheown in Vigure 17. For purposas
of simplieity, armature reaction will be neglected hers snd will be con=
sidered in a later veotor diagram.

In Figure 17 Pe represeats the direction of flux in the main fleld
and Pr represents the direetion of flux in the intarpole field, Crg
ropressnts the rotational euf dus to the maln fisld, Cecp raprassats the
trangformer eaf due %o the main fleld, €, repressnts the rotational emf
due %o the interpole field, s, reprasenis the transformer anf due %o
the interpole field, and@g repraesynts the sgelfl indused amf existing when
& coil is ehort cireuited at the brushes, If a coil were locsted in the
2Z axia, 1% would contain oéupononu of all the smfs mentioned axcept the
onf’ of self induection, This entire picture 18 represented in Tigure 17,

Considar now the components of anf which will exist in s coil under-
going commutation, At the time a eoil is undergoing commutation, it is
located in the brush and interpole axis, and 90 electrical degrees away

from the main field axis, Therefors, in that position ©r and C¢ will
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be zerc, 4 eoil undergoing commmtation will bave the following components
of emf: an enf of self induction, a rotational emf due to the interpols
field, and a trensformer em? due to the main field, This situation iz repe
reseuted by the veetor diagrenm of Fig., 168, /Ag hsg besn stated previously,
the megnitude of € and v will vary with the fluctuations in armature
current, and bociuu of the inductance of the interpole eircuit, it ia
quite likely that these two smfs will not be squal at all times, If this
factor were of negligible importance, there would 24411 be a component of
enf which does not appear in the normsl cperstion of a d-e notor; namely,
the itransformer emf due to the zain fleld, This alds the rotational emf
due to the interpole field snd causez a resultant enf of considerable
magnitude to exiet in a eoil undergoing commutation,

Since the transformer emf due to the mein field appears to be the
greatest source of difficulsty, it is wise to consider here the masgnitude
of this emf, 48 wae stated previously, the megnitude of the transformer
anf is independent of the speed of the armature, but directly dependent
on the amount of fluctuation of the main field, which in turn is dependent
upon the riprle component of the field current, In the case of a shunt
machine, it was expected that the high inductsnce of the shunt fleld would
practically sliminate any ripple in the field current., Uscilloscope tests
ﬁ_xma dirromtly, howaver, In one shunt motor tested, it was seen that
the amount of ripple in the field current was 40% of the rinple existing
in the line current, In another, the field current ripple was found to
be 12£ of the line current ripple, To reduce the magnituds of the trans-
former emf, the ripple of the ignitron supply must be reduced, or the



shunt field must be especially designed with a very high inductance,

%hen & series or compound motor is opereated from a rectifier, com-
mutation difficulties become @till more proncunced, In thia cese the
series field is not very highly inductive and must ecarry armeture current
with its relatively bhigh component of ripple, Now the main field will
fluctuate considerably more and willl result in a transfornmer emf of great-
er magnitude, and econsequently, a larger resultant emf in the coil unders
going eommutation,

Since the enf of self induction snd the transformer emf are inherent
in & machine operating from a fixed pulsating source, any attempt to re-
duce the resultant voltage to zero muet center around adjustment of the
rotational emf due to the interpolss., Thus with reference to Fig, 18
the following remedies ars suggested:

(a) If o, exceeds ©.., reduce the nuubor.er interpole turns until

Car ¢ Crp = &

(b) If ¢, equals €., remove the interpoles,

(e) If € is smaller then €., then reverse the direction of the

interpoles and adjust the number of turns until € +€rp = Cep

It might be mentioned here that in an attempt to improve commutation
in a 230 volt, 3600 RPM motor, the interpoles were removed and commutation
immediately became worse. It appesrs that in this ccse €¢r was small in
eomparison to © and €y; and removal of the interpoles not only reversed

the direction of the resultant emf, but aleo increased its magnitude,
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The vector diagram of Fig. 1% takes into zceount the effect of arma-
ture resction., Note that the resultant flux due to the main field and
armature hag been shifted an angle "§" countere clockwise from 1%s original
position, It should be remembered that the armature reaction componsnt of
flux will vary with fluctuations in armeture current, so that the angle
"¢" will not remain eonstant, Now the coil undergoing commtation will
contain a component of rotational emf due to the main fileld, its magnitude
being Cre 8in §. Also the entire transformer emf due to the mainfield
%111 not be present in the commutated coll, dut only & component of it,
Ceecoe S, As long as the brush axis is not shifted, all other emf vectors
will remain unchanged,

Close examination of Fig,., 19 shows that the shifting of the resultant
field axie due to armature reaction tends to improve aemmutﬁtton. However,
even now it is unlikely that the resultant emf in the commutated coil will
be zero. The remedy 18 still %o adjust the direction end number of turns
in the interpole field until sstisfactory commutation is achieved,

In eonclusion, it has been shown by veetor diagrams and proven by
experiment that a motor designed to operate on 2 non-pulsating direet
current, will not commutate satisfsctorily when operated on a pulsating
direct current, Especially iz this true if the motor has 8 strong series
winding or if the ripple of the supply is large as {ig the case in a three-
phase halfewave rectifier, If an esleetronic rectifier such as the ignitron
should So nged as a source of d-e¢, motors with special design features mst

be used %o give satisfactory eommuitation,
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V. CONCLUSIONS

The two greatest difficulties encountered in rectifier operation
of de¢ motors are added hoatxné and a8 reduced commutating capacity. Ioth
come a8 a direct result of the pulsations in the rectifier supply.
Theoretically, if a non-pulsating rectifier could be built, it would prove
fully as satlsfactory in d-¢ motor operation as the synchronous converter,

To achieve satisfactory motor operation from a reetifier supply,
either the rectifier must be designed to have almost negligidble ripple, or
the motor must bde especially designed to operate off one given rectifier
supply.

The Cemeral HLlectirie Company 1is currently cngaged in b&llding entire
drive systems, where rectifier and motor are especially designed for one
another, MNotor design festures must necessarily include highly inductive
windings for both armature and fields,

It is not roeénnnndod that a replacement of synchronous converters
be made by tloetronioArootiriorn, unless the d4-¢ molors which are to operate
from the rectifiers be renlaced alse, or unless the replacement rectifiers
have at least 12 pheses, Especlally is this true in industries which
employ e large percentage of series motors.

It ie quite true that in rectifiers with a large number of phases, the
percentage of ripple becomes very small; but if is equally tme thet suech
rectifiers are not ss feasible economically, For example, & l2-phase
electronic rectifier must be supplied by a transformer vhose XVA rating must

~ be over 2-1/2 times as great as the power to be rectified,



There is a utilizetion factor defined in connection with rectifiers
which states that u, the utilization faetor, is the retic of the d-e
kilowatts supplied by the rectifier to the KVA rating of the transformer
required %o sunply the reectifier. 0Obviously, from the definition, the
ideal utilization factor is ome, the poorest is zero. 7o show how the

utilization factor varies with the number of phases the following coprox-
nh\l?’;sin'“-
P

imate relationship is given without proof: uw - == s * whers p
iz the number of phases, Caleulation of utilization faector can be made
by substituting the proper number of phases for p. The following table

shows utiliization factors for most common rectifiers employed.
FPhases 1 3 6 12 18 -»
Utilization Factor 836 678 038 0 599 #3052 0

In view of this consideration it would seem that 12 and 18-phase
rectifiers are not very feasible economieally., On the other hand I and
6-phase rectifiers make the difficulties discussed in d-c¢c motor operation
more pronounced,

The question arises again: 1Is the rectifier always a completely
satisfactory replacement for the rotary convertert Certainly there is
more to be considered than the advantages advertised by rectifier manu-

facturers,

*See "Applied Electronies™ WIT Staff

Ye
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